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Abstract 
Sputtering plasma state intensely depends on the variation of deposition parameters. It results in different properties 
of sputtering thin films finally. Here, we use reactive sputter gas controller (Lambda sensor) to control oxygen partial 
pressure in the process, so that we can achieve the same sputtering plasma state during the process of sputtering 
aluminium doped zinc oxide (AZO) thin films. At the same time, we use the intensity of Zn (470nm) and O (780nm) 
plasma emission peak signal to estimate the variation of the sputtering plasma state at different Lambda sensor value. 
In this experiment, AZO thin films are also prepared by pulse reactive magnetron sputtering on CORNING Eagle 
2000 glasses. High purity metallic Zn-Al (Al 2wt. %) alloy target and oxygen are used as source materials. The 
microstructure and surface morphology, optical and electrical properties of AZO films with various substrate 
temperatures are investigated in detail. Sputtering plasma state affects the properties of sputtering AZO thin films. At 
the optimized plasma state and substrate temperate, we get the AZO thin films with more than 85% average 
transmissions in the visible and near-infrared range and the resistivity less than 8.5×10-4ȍcm. 
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1. Introduction 
Silicon thin film solar cells in the p-i-n (superstrate) structure require transparent conductive oxide 
(TCO) films as their front electrodes, which combine low series resistance and high transparency in the 
visible (400-800 nm) and near-infrared (800-1100nm) range [1]. ZnO receives growing attention as a 
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TCO for silicon based thin film solar cells because it combines excellent transparencies, electrical 
properties and high durability against hydrogen plasmas. Moreover, industrial applications need cost 
effective deposition techniques like magnetron sputter of aluminum doped zinc oxide thin films. 
Compare with pure argon sputtering with ZnO: Al2O3 ceramic target, we can also achieve aluminum 
doped zinc oxide (AZO) thin films by reactive magnetron sputtering with metal Zn: Al alloy target. 
Furthermore, it is more cost-effective. But there has three regimes in reactive sputtering process [2]: 
metallic mode, transition mode and oxide mode. As well-know, the ideal regime of growing AZO thin 
films was transition mode. At the same time, there has an abrupt discontinuous change of process 
parameters at the transition mode regime. Besides, there were large hysteresis between increasing and 
decreasing oxygen flow rates. Therefore, a closed-loop feedback control system is indispensable to 
maintain process stabilization.  
The plasma emission monitoring (PEM) system which contained monitor the oxygen partial pressure 
by Lambda sensor or optical emission spectroscopy was applied to reactive sputtering AZO thin films 
process. The control system via changing the reactive gas flow or the discharge power to maintain the 
stabilization of the sputtering process. Then it provides the feasibility to investigate how plasma state of 
reactive sputtering process could influences the properties of AZO thin films.  
This paper addressed the electrical and optical properties of ZnO: Al films prepared using plus reactive 
magnetron sputtering with various oxygen partial pressures, which were controlled by Lambda sensor. We 
investigated the relationship between the plasma state and the properties of the AZO thin films. 
2. Experimental details 
In this experiment, ZnO: Al films were deposited by pulse reactive magnetron sputtering system. The 
films were grown on CORNING Eagle 2000 glass substrates at 200 ć using a high purity Zn: Al alloy 
target with 2wt. % Al. Before deposition, the glass substrate was ultrasonically cleaned in acetone, 
ethanol, and de-ionized water sequentially. Immediately after cleaned, the glass substrate was loaded into 
the chamber followed by evacuation. The target to substrate distance was fixed at 55 mm and the flow of 
pure argon gas was set at 45 sccm. The base pressure of the sputtering chamber was below 2.4×10-4Pa, 
and the working pressure was kept constant at 4.2 mTorr. During the sputtering, the sputtering power of 
pulse direct current source was kept at 0.9A as a constant. 
A series of AZO films were deposited with different oxygen partial pressures, which were controlled 
by Lambda sensor (Oxygen Sensor). The sensor was installed in the process environment directly. The 
probe had two sides: one was exposed into the chamber with different oxygen partial during the 
sputtering processes, which was marked as PV; the other side was installed in atmosphere, marked as PA, 
with via a platinum catalyst and a zirconia membrane. According to the Nerst formula[3], differential 
voltage potential created when the two sides had different pressure of oxygen. The probe needs O- 
diffusion in order to generate the potential and achieves this. When oxygen was added into the vacuum, 
theV decreased. 
Nerst formula:  
Q
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In this experience, we used Speedflo-Reactive Sputtering Gas Controller system to control the partial 
of oxygen during the sputtering processes as a constant. It was worthy of notice that the value of Lambda 
sensor was relative value. At the same time, we used the intensity of Zn (470nm) and O (780nm) plasma 
emission peak signal to estimate the variation of the sputtering plasma state at different Lambda sensor 
value. 
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Transmission at normal incidence in the UV, visible, near-IR and IR regions were measured on Cary 
5000 double beam spectrophotometer at room temperature. From the Hall measurements the type of 
conduction, Hall mobility and carrier concentrations were determined. The Hall measurements were made 
with Accent HL5500 Hall System. The structural properties were determined with Xƍ Pert PRO X-ray 
diffract meter. The thickness of the film was measured by Dektak 150 step meter.  
3.  Results and discussion 
3.1. Structural properties 
Fig. 1 shows the X-ray diffraction spectra of ZnO: Al films deposited on glass substrates at the same 
deposition conditions. During the deposition, the Lambda sensor (oxygen partial pressure) was kept at 
63%, 60%, 55% and 50%, respectively. X-Ray diffraction analysis indicated that the deposited films were 
polycrystalline, hexagonal wurtzite structure. In these ZnO: Al films, only ZnO phase was detected from 
the X-ray patterns, which implies that aluminum replace zinc substitution in the lattice. From the X-ray 
patterns, it can be seen that the ZnO: Al films deposited on glass substrates exhibit a (002) preferred 
orientation. With decreasing Lambda sensor the locations of the measured diffraction peaks do not change 
significantly, but they become more intense. This means that the crystallization of resulting films is 
improved with elevating oxygen partial pressure. 
 
Fig.1. XRD patterns of AZO thin films prepared with different values of Lambda sensor 
3.2 Electrical properties 
Fig.2 showed values of C1-Zn (470nm) and C2-O (780nm) plasma emission peak signal with various 
intensity of Lambda sensor, respectively. With increasing the intensity of Lambda sensor, the flow rate of 
oxygen gas, which was introduced into the vacuum, was decreased. Then, during the process of sputtering, 
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the intensity of oxygen plasma emission peak signal (780nm) was decreased with increasing the value of 
Lambda sensor.  
The intensity of C1-Zn (470nm) plasma emission peak signal increased with increasing the Lambda 
sensor intensity. During the process of sputtering, the state of cathode glow discharge was strongly 
depended on the pressure of oxygen particle. And moreover, the sputtering speed depended on the state of 
target surface, because the releasing speed of target particles by sputtering was determined by the 
sputtering yield [4]. When the intensity of Lambda sensor was high, the target surface was metallic or 
partially oxidized. The sputtering rate was high because of the high sputtering yield of metallic target 
surface. So, the intensity of Zn plasma emission peak signal was high when more metallic atoms were 
sputtered from the surface of target. 
We defined a ratio as C1/C2, fig.3 showed the value of C1/C2 with various intensity of Lambda sensor, 
C1 and C2 are the intensity of Zn (470nm) and O (780nm) plasma emission peak signal, respectively. 
With increasing the Lambda sensor intensity, the ratio of C1/C2 increased. Fig.4 was Resistivity, Carrier 
concentration and Hall mobility as a function of C1/C2. With increasing the ratio of C1/C2, the resistivity 
decreased from 3.6×10-2ȍ·cm to 7.259×10-4ȍ·cm, and carrier concentration changed from 1.65×1021cm-3 
to 6.21×1019cm-3 monotonically. Hall mobility increased from 2.79 cm2·V-1·s-1 to 20 cm2·V-1·s-1, then 
decreased to 5.21 cm2·V-1·s-1. When the ratio of C1/C2 was low, there was more oxygen particle in the 
sputtering chamber and oxygen plasma emission peak signal was high, that meant more oxygen particles 
participated in the active sputtering process, then the AZO thin films prepared in this condition have high 
resistivity and low carrier concentration. With increasing the value of C1/C2, the signal of Zn plasma 
emission peak increased and O plasma emission peak decreased. More Zn atoms were sputtered from the 
surface of target and took part in active sputtering process, the carrier concentration increased and 
resistivity decreased.  
 
Fig.2. Values of C1-Zn (470nm) and C2-O (780nm) plasma emission peak signal with various intensity of Lambda sensor, 
respectively. 
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Fig.3. Value of C1/C2 with various intensity of Lambda sensor, C1 and C2 are the intensity of Zn (470nm) and O (780nm) plasma 
emission peak signal, respectively. 
 
Fig.4. Resistivity, Carrier concentration and Hall mobility as a function of C1/C2, C1 and C2 are the intensity of Zn (470nm) and O 
(780nm) plasma emission peak signal, respectively. 
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3. 3. Optical properties 
Fig.5 showed the transmission vs. wavelength of AZO thin films with different Lambda sensor 
intensity. All AZO films showed average more than 85% optical transmission in the visible range, and the 
thicknesses of films were 1­m, more or less. This was important for applications such as transparent 
conductive films and solar cell windows. The transmission was increased with decreasing the intensity of 
Lambda sensor, when the wavelength was above in the near-infrared and infrared range.  
 
Fig.5. Transmission vs. wavelength of AZO thin films with different Lambda sensor intensity 
4. Conclusion 
We used reactive sputter gas controller (Lambda sensor) to control oxygen partial pressure in the 
process, so that we can achieve the same sputtering plasma state during the process of sputtering 
aluminum doped zinc oxide (AZO) thin films. At the same time, we use the intensity of Zn (470nm) and 
O (780nm) plasma emission peak signal to estimate the variation of the sputtering plasma state at 
different Lambda sensor value. Sputtering plasma state affects the properties of sputtering AZO thin films. 
At the optimized plasma state and substrate temperate, we get the AZO thin films with more than 85% 
average transmissions in the visible and near-infrared range and the resistivity less than 8.5×10-4ȍcm. 
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